Herein, a double strategy to modify the cycling performance of pure silicon nanoparticles (SiPs) was applied.
Introduction
With the rapid increase in global energy consumption, the exhaustion of fossil fuels, and increase in environmental problems, energy storage and conversion has become a key issue affecting our daily life. [1] [2] [3] Rechargeable lithium-ion batteries (LIBs), named by Sony Corp., can store and release electric energy many times and are promising for green energy applications. Carbon materials were rst adopted as anode materials for commercialized LIBs, providing safety during application. 4 To date, a number of carbon materials have been investigated 5 such as graphite, 6-8 amorphous carbon, 9,10 carbon bers, [11] [12] [13] [14] [15] carbon nanotubes, [16] [17] [18] [19] [20] [21] [22] [23] and graphene.
24-33
Graphite electrodes were exfoliated in propylene carbonatebased electrolytes; this resulted in drastic decomposition of the electrolyte and thus led to large irreversible capacity. Spherical natural graphite with a carbon coating not only avoids direct contact with the electrolyte, but also achieves excellent electrochemical performance. Spherical carbon-coated natural graphite exhibits a reversible capacity of 360 mA h g À1 , and its most coulombic efficiencies are over 90%.
34
Nitrogen-doped mesoporous hollow spheres demonstrated high specic surface area and a vegetable sponge-like mesoporous shell with interconnected carbon that facilitated electron transport and Li ion diffusion. They have a capacity of 485 mA h g À1 at a current density of 500 mA g À1 aer 1000
cycles. At a higher current density of 4.0 A g À1 , these spheres can maintain a rather high capacity of 214 mA h g À1 . 35 Chen et al. 36 have explored a exible carbon nanotube electrode for LIBs using multiwalled carbon nanotube-entangled networks integrated into a highly conducting carbon layer. The exible electrode delivers a signicant fully reversible capacity of 572 mA h g À1 , which is higher than the theoretical capacity of graphite (372 mA h g À1 ). The good performance of the exible electrode is ascribed to its novel, three-dimensional porous nanostructure, which provides highly reversible insertion/extraction process of lithium ion onto/from the nanostructured electrode. The special design of the exible carbon nanotube electrode also provides robustness without the use of any binder or substrate for mechanical integrity. Junzhong Wang 32 has used natural microcrystalline graphite minerals to produce high quality graphene microsheets through a scalable electrochemical and mechanical exfoliation method. The graphene microsheets exhibit a small sheet size of 0.2-0.6 mm 2 , <5 atomic layers, few defects, and high purity. The graphene anode has a reversible capacity of 390 mA h g À1 at a current density of 40 mA g À1 aer 220 cycles that demonstrates its good cyclability. Notably, it retained a specic capacity of 200 mA h g À1 at a higher current density of 595 mA g À1 within 17 min and can be used for high-rate energy storage.
Although graphite has been commercially applied in LIBs, it cannot meet the growing demand for LIBs with higher energy and power densities. Many researchers have tried their best to nd advanced anode materials to substitute graphite. ). When cycled at a higher current density of 10 A g
À1
, the nanohybrids still demonstrate no obvious capacity decay even aer 2000 cycles, thus showing perfect cyclability.
The sandwich-structured graphite-metallic Si@C nanocomposites have been prepared using a ball-milling process and further modied by carbon layers. 65 As anode materials for LIBs, they improve the electrochemical performance as compared to the pure Si anode. They exhibit a high reversible capacity of 1700 mA h g À1 aer 100 cycles at 0.5C with only 0.02% capacity decay per cycle. They also have a good rate capability, with a reversible capacity of 650 and 251.2 mA h g À1 at 1 and 5C, respectively. The advanced structural design provides a highly conductive network and prevents Si pulverization during cycling, which improves the electrochemical performance. Combining graphite and Si as an integrally bonded anode material for LIBs is a clever technique. 66 Ko et al. have synthesized Si-nanolayer-embedded graphite for high-energy lithiumion batteries. The prepared hybrids completely overcome the detrimental effects arising from volume variation. This structure supports electrical interconnectivity and morphological integrity for the electrode structure. The hybrids show a high rst-cycle coulombic efficiency of 92% and high capacity retention of 96% aer 100 cycles. With LiCoO 2 as a cathode, the full cell delivers a higher energy density (1043 W h I À1 ) than the current commercial LIBs (900 W h I À1 ).
The strategy of hybridizing Si and carbon and incorporating Si nanoparticles into void-containing carbon matrices can improve the capacity and cycle life. Taking mass production and production technique into consideration, the involved technology and three-dimensional nanostructure of the electrode are difficult to handle in commercial production. Herein, we demonstrated a hybrid of Si and carbon by simply mixing Si nanoparticles and carbon materials via a thermal treatment. The pitch-based carbon bers with excellent electrical/thermal conductivity and low density have been in mass production and applied in many different elds in the market. In the hybrids, self-made carbon bers were used to enhance the electrical contact between Si and the carbon matrix and thereby the electrical conductivity of the anode. Among them, carbon coating derived from a low-cost carbon source via a thermal treatment was prepared to buffer the volume change, to enhance the integrity of the anode during the charge/discharge processes, and also to minimize direct contact between Si and the electrolyte. Taking the double protection for Si nanoparticles into consideration, the Si nanoparticle/hollow graphite ber/carbon coating (SiP/HGF/C) composites were prepared to possibly replace the commercial graphite anode for rechargeable LIBs. In the SiP/HGF/C composites, SiPs had a weight ratio of 35%. The SiPs were the main contributor to the capacity of the electrode due to their superior high theoretical lithium storage capacity.
Experimental

Raw materials
Si nanoparticles were supplied by Xuzhou Jiechuang New Material Technology Co., Ltd., China. HGFs were made via melt spinning in our laboratory. Low-cost sucrose of 99% purity was purchased from the market. The soening point of the isotropic pitch was 553 K. The isotropic pitch was separated into toluene soluble (TS, 31.08 wt%) and insoluble (TI) fractions. The fraction of TI was separated into quinoline soluble (QS, 46.03 wt%) and insoluble fractions (QI, 22.89 wt%).
The isotropic pitch was rst spun into bers using a spinnerette under a nitrogen atmosphere. The as-spun bers were thermo-oxidatively stabilized at 553 K for 0.5 h in an oxidation oven. The stabilized bers were carbonized at 1273 K for 0.5 h under a nitrogen atmosphere in a tube furnace. The hollow carbon bers were nally graphitized at 3073 K for 20 minutes under an argon atmosphere.
The SiP/HGF composite was prepared by simply mixing the SiPs and HGFs (1 : 1 by weight) in ethanol via bath sonication. Then, the mixture was slowly dried in air at room temperature.
The SiP/HGF/C composite was prepared by simply mixing the SiP/HGF composite and sucrose (7 : 12 by weight) in deionized water via bath sonication. Then, the mixture was carbonized at 1073 K for 0.5 h under a nitrogen atmosphere in a tube furnace.
Characterization and electrochemical evaluation
The crystallite structure of materials was characterized between 10 and 90 at the scan rate 5 min À1 via an X-ray diffraction system (XRD; D8 advance, Brucker.) equipped with Cu K a radiation. The values of interplanar spacing (d 002 ) were characterized. Field-emission scanning electron microscopy (SEM, JSM-7001F) and eld-emission transmission electron microscopy (TEM, JEM-2100F) were used to observe the microstructure of the samples. The working electrodes consisted of an active material, acetylene black, and a sodium carboxymethyl cellulose binder in a weight ratio of 7 : 2 : 1. CR 2016-type coin cells were assembled in a glovebox under an Ar atmosphere. A Li foil was used as the counter electrode and reference electrode, with a microporous polypropylene lm (Celgard 2400) as the separator. The electrolyte was composed of 1 M LiPF 6 
Results and discussion
The microstructure of the samples was observed by SEM. The mean particle size of the Si nanoparticles was about 80 nm, and the purity was 99%, as shown in Fig. 1a . HGFs were prepared to be reinforced materials, as shown in Fig. 1b . The external diameter of the GHFs was approximately 19.9 AE 0.6 mm, and their wall thickness was approximately 5.5 AE 0.4 mm. XRD was carried out to further investigate the structure of the samples. Fig. 1c shows typical characteristic peaks assigned to (111), (220), (311), (400), and (422) planes of the crystallized Si nanoparticles. To avoid the shiing and broadening of diffraction proles, the internal Si standard was used in the XRD analysis. The interplanar spacing of the HGFs was 0.3375 nm, which was indicative of good graphite structure, as shown in Fig. 1d . Fig. 2a shows a In Fig. 2b , the graphite stripes of the HGFs highlight the diffraction spots obtained in the entire area, which indicated a highly graphitic structure. The ribbons of the graphite grain of the HGFs can be obviously observed in the Fig. 2b , which indicate that the HGFs can exhibit good extent of graphitization and good electric conductivity.
The morphology of the SiP/HGF composite before carbon coating is shown in Fig. 3a . The SiPs dispersed uniformly in the composite and adhered to the surface of the HGFs or dispersed between HGFs. The corresponding elemental mapping of the entire area of Fig. 3a is shown in Fig. 3b and c. Fig. 3b indicates the presence of carbon that originated from the HGFs; Fig. 3c shows the elemental mapping of silicon that originated from the SiPs. The elemental mapping also indicated that the SiPs dispersed well in the composite.
The discharge/charge curve of pure SiPs is shown in Fig. 4 . They delivered a rst discharge capacity of 3448 mA h g À1 and a charge capacity of 2994 mA h g À1 at a current density of 100 mA g À1 . Then, the reversible capacity began to sharply decrease, indicating poor reversibility. Aer 10 cycles, the reversible capacity was 326.9 mA h g À1 , with the irreversible capacity retention of 90% corresponding to the initial cycle performance. Due to pulverization and loss of electrical contact between the active material and the current collector, pure SiPs as an anode material show capacity fading and short battery lifetime. The strategy to solve these issues to improve the electrochemical performance of pure Si should not only enhance the electrical conductivity of the electrode but also buffer the large volume changes to maintain electrode integrity. Carbon materials were designed to promote the electrical conductivity of the electrode. Graphene has been proven to have unique electrical conductivity due to its special structure and has potential application in electronics as well as energy conversion and storage devices. However, its large surface area results in low initial coulombic efficiency. Moreover, graphene is expensive, which would increase the overall cost of the LIBs. A pitch-based carbon ber has been recognized as a strategic material due to its high Young's modulus, excellent thermal and electrical conductivity, and low-cost. Self-made HGFs treated at 3073 K show good graphite characteristics and can store Li + ; thus, they can be potential reinforced materials for Si-based LIBs. Cycle performance of the HGFs and the SiPs/HGFs was veried at a current density of 50 mA g À1 . As reinforced materials, the HGF electrode delivered an initial discharge and charge capacities of 443.7 and 375.1 mA h g À1 , respectively, with a coulombic efficiency of 84.5% (Fig. 5a) . 15, 67 The rst 10 curves of discharge and charge overlapped quite well, indicating good cycling stability. Aer 50 cycles, the electrode's reversible capacity is maintained at 338.9 mA h g À1 with steady coulombic efficiency (Fig. 5c ). The SiP/HGF composite exhibited a rst discharge capacity of 1164.4 mA h g À1 and a rst charge capacity of 709.8 mA h g À1 , with a coulombic efficiency 61% (Fig. 5b) . The loading density of the active material containing SiPs and HGFs was $2.2 mg cm À2 . Then, the reversible capacity began to decrease, and a discharge capacity of 556.2 mA h g À1 and a charge capacity of 548.6 mA h g À1 were maintained aer 50 cycles, which also prolonged the lifetime of the pure SiPs. The abovementioned results revealed that the SiP/HGF anode had a better cyclability with high reversible capacity than the pure SiP anode. This also indicates that the HGFs not only store/release Li ion, but also improve the lifetime of the anode. Although the HGFs improved the electrical contact between the SiPs and current collector, the capacity still decreased. This was attributed to the large volume changes of the SiPs. Therefore, a more protective strategy to improve the electrochemical performance of the SiP anode should be developed. An efficient and inexpensive method to buffer the volume changes of SiPs is to use a carbon coating for the SiP/HGF composite.
The cycle performance of the carbon bers was tested at a current density of 50 mA g À1 . Their initial discharge and charge capacities were 371.4 and 205.3 mA h g À1 , respectively, with a coulombic efficiency of 55.2% (Fig. 6a) . Aer 50 cycles, the reversible capacity was 188.7 mA h g À1 , which was lower than that of the graphitized bers. This also indicated that the graphitized bers were superior to be used as anode materials in the composites than the carbon bers (Fig. 6b) . Aer further protection, TEM was employed to observe the microstructure of the SiP/HGF/C composite. The circular nanoparticles were Si nanoparticles coated with carbon, as displayed in Fig. 7 . The corresponding parts are marked in this gure.
The cycle performance of the SiP/HGF/C composite was tested at a current density of 50 mA g
À1
. The loading density of the active material containing SiPs, HGFs, and C composite was $2.4 mg cm À2 . Its initial discharge and charge capacities were 1327.2 and 936.6 mA h g À1 , respectively, with a coulombic efficiency of 70.6% (Fig. 8a) . The second and third charge capacities were 947.8 and 987.2 mA h g À1 , respectively. Aer 10 cycles, the reversible capacity was 1045.2 mA h g À1 , which was 11% higher than the initial capacity. The rst several curves of discharge and charge overlapped quite well, which indicated good cycling stability of the SiP/HGF/C composite anode. Aer the rst cycle, the charge capacity began to steadily increase to 1122.7 mA h g À1 until the thirty-rst cycle (Fig. 8c) . This might be attributed to the protection provided by the carbon coating, which effectively buffered the volume changes and enhanced the electrode intensity during discharge-charge cycles. Aer this, its reversible capacity was maintained at 910.1 mA h g À1 at the 50th cycle, which was higher than that of the SiP/HGF composite. Rate capability is an important factor for using LIBs in energy storage. The rates for the samples were increased stepwise from 50 mA g À1 to 800 mA g À1 and then switched back. The
HGFs reached a reversible capacity of 350.4, 300.3, and 232.7 mA h g À1 aer 5, 10, and 15 cycles, respectively. At the densities of 400 and 800 mA g
, the HGFs obtained the reversible capacities of 137.9 and 49.7 mA h g À1 , respectively (Fig. 8b) .
Aer the high rate measurements, the HGF electrode tested at 50 mA g À1 achieved a reversible capacity of 345. (Fig. 8d) . The carbon coating could improve the integrity of the electrode, which was helpful for its good rate capability. The electrical conductivity of the samples was veried via electrochemical impedance spectroscopy (EIS) measurements, as shown in Fig. 9a . The EIS spectra consisted of two semicircles and a straight sloping line. The rst semicircle in the high frequency region may have resulted from the formation of SEI, possibly attributed to their large specic surface area mainly due to an external surface. The second semicircle in the medium frequency region probably resulted because of interfacial charge transfer impedance. The straight sloping line in low frequency region was mainly related to lithium diffusion impedance. The straight diffusion tail suggested that the carbon conductive network facilitated the diffusion and transport of lithium ions between the electrode and the electrolyte and thus reduced lithium ion diffusion resistance. The equivalent circuit is shown in Fig. 9c . R e is the electrolyte resistance and R ct is the charge transfer resistance. Q is the double-layer constant phase angle element and Z w is the Warburg impedance related to the diffusion of lithium ions into the bulk of the composite electrode. C is the capacitance, and R f is the resistance of the surface lm and contact. The values of R ct and R f for the SiP/HGF/C electrode were 262.7 and 10.7 U, respectively. The corresponding relationship between impedance and frequency is displayed in Fig. 9d .
A typical cyclic voltammetry (CV) measurement of the electrodes in the voltage range of 0.01-2.0 V at a sweep rate of 1 mV s À1 is shown in Fig. 9b . In the case of the SiP/HGF/C electrode, upon discharge, the current peak appeared at about 0.56 V. In the following anodic scan, the oxidation peaks were nearly consistent with those of the rst scan. During the electrode's rst cathodic half-cycle, a peak could be clearly seen at about 0.85 V, which could be attributed to the formation of the SEI lm that resulted in an initial irreversible capacity. 68, 69 During the following anodic scan, the corresponding anodic peaks had no obvious shi as compared to those of the rst scan. The second and third cathodic-anodic scan curves overlapped quite well, this suggested good cycling performance of the electrode.
Conclusions
In conclusion, the double strategy to modify the cycling performance of pure SiPs was applied. The HGFs with a good graphite structure could improve the electrical conductivity of the electrode. The SiP/HGF composite maintained a discharge capacity of 556.2 mA h g À1 and a charge capacity of 548.6 mA h g À1 aer 50 cycles at the current density of 50 mA g À1 , which
obviously prolonged the lifetime of the pure SiPs. Carbon coating was employed to minimize the direct contact between the SiPs and the electrolyte and buffer the volume changes during cycling. The cycle performance of the SiP/HGF/C composite was tested at a current density of 50 mA g
À1
. Its initial discharge and charge capacities were 1327.2 and 936.6 mA h g À1 , respectively, with a coulombic efficiency of 70.6%.
Aer the rst cycle, the charge capacity began to steadily increase to 1122.7 mA h g À1 until the thirty-rst cycle. Aer this, its reversible capacity maintained at 910.1 mA h g À1 at 50th
cycle with steady coulombic efficiency. This was attributed to the protection provided by the carbon coating and the addition of the HGFs, which effectively buffered the volume changes, enhanced the intensity of electrode, and improved the electrical conductivity during discharge-charge cycles; this resulted in high reversible capacity, good cycling stability, and good rate capability as compared to those of the pure SiP anode. The SiP/ HGF/C composites are a promising choice to prepare a low-cost anode material for the LIBs.
